We report outcomes after unrelated donor hematopoietic cell transplantation (HCT) for 91 patients with hemophagocytic lymphohistiocytosis (HLH) transplanted in the US in 1989-2005. Fifty-one percent were o1 year at HCT and 29% had Lansky performance scores o90%. Most (80%) were conditioned with BU, CY, and etoposide (VP16) with or without anti-thymocyte globulin. Bone marrow was the predominant graft source. Neutrophil recovery was 91% at day-42. The probabilities of grades 2-4 acute GVHD at day-100 and chronic GVHD at 5 years were 41 and 23%, respectively. The overall mortality rate was higher in patients who did not receive BU/CY/VP16-conditioning regimen (RR 1.95, P ¼ 0.035). The 5-year probability of overall survival was 53% in patients who received BU/CY/VP16 compared to 24% in those who received other regimens. In the subset of patients with known disease-specific characteristics, only one of five patients with active disease at HCT is alive. For those in clinical remission at HCT (n ¼ 46), the 5-year probability of overall survival was 49%. Early mortality rates after HCT were high, 35% at day-100. These data demonstrate that a BU/CY/VP16-conditioning regimen provides cure in approximately 50% of patients and future studies should explore strategies to lower early mortality.
Introduction
Hemophagocytic lymphohistiocytosis (HLH) is a rare immunoregulatory disorder characterized by defective lymphocyte cytotoxic activity that results in uncontrolled proliferation of macrophages, lymphocytes, and overproduction of inflammatory cytokines. Because of this dysregulation, there is an infiltration of various organs including the spleen, liver, bone marrow and central nervous system (CNS) by activated macrophages and lymphocytes that leads to the typical clinical findings of the disease including hepatosplenomegaly, hemophagocytosis, cytopenias, and in some cases neurologic changes and seizures from CNS involvement. Additional disease characteristics that result from the pro-inflammatory state include fevers, hypertriglyceridemia, coagulopathy, hyperferritinemia, and high levels of soluble interleukin-2 receptor a-chain levels (sCD25). The Histiocyte Society has recently published the clinical and pathological features of HLH. 1 HLH is classified as primary (familial) or secondary. To date, there have been several genetic mutations identified, all of which produce alterations in the perforin/granzyme cellular cytotoxic pathways utilized by T lymphocytes and natural killer cells and subsequently lead to HLH. 2 The first mutation described was in the gene encoding perforin (PRF1), at chromosome10q21-22.
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PRF1 mutations account for approximately 20-30% of cases of primary HLH. An additional 20-25% of cases are associated with a mutation in the MUNC13-4 gene at chromosome 17q25. 4 The third mutation identified on chromosome 6q24 encodes for the protein syntaxin 11 (STX11), and thus far has only been found to account for a small percentage of cases. 5 Other genetic mutations associated with primary HLH include: SAP/SH2D1A (x-linked lymphoproliferative disease), RAB27A (Griscelli syndrome), CHS1 (Chediak-Higashi syndrome), and WASP (Wiskott-Aldrich syndrome). However, for nearly half of patients with HLH, specific genetic mutations have yet to be determined.
For patients with either primary or secondary HLH, prompt recognition and treatment with cytotoxic chemotherapy (etoposide) and immunosuppression with agents such as steroids, cyclosporine, and/or anti-thymocyte globulin are necessary to prevent an otherwise rapidly fatal course. The HLH-94 protocol developed by the Histiocyte Society in the mid 1990s provided a uniform treatment approach that improved survival from less than 10%, 6 to a 3-year probability of survival of 55%. 7 Nevertheless, for patients with primary HLH, this treatment will not provide permanent remission and for those with secondary HLH who fail chemotherapy and immunosuppression, hematopoietic cell transplant (HCT) provides the only curative option. The purpose of the analysis presented herein is to describe the outcome after URD HCT in the US facilitated by the National Marrow Donor Program (NMDP) and to examine the impact of preparative regimen and disease characteristics on long-term survival in this group of patients. 
Patients and methods

Data collection
Inclusion criteria
The study population consists of 91 patients with HLH who received unrelated donor HCT facilitated by the NMDP in the United States in 1989-2005. The diagnosis of HLH was determined by transplant centers. 1 Genetic testing was not used as a criterion for diagnosis. The NMDP retrospectively obtained consent for data submission and study participation from surviving patients or their parent/legal guardian for transplantations it facilitated in the United States during the study period; the NMDP Institutional Review Board waived consent for patients who had died prior to soliciting consent. To address bias introduced by inclusion of only a proportion of surviving patients (those consenting) but all deceased patients, a sample of deceased patients was selected using a weighted randomized scheme that adjusts for over-representation of deceased patients in the consented cohort. This weighted randomized scheme was developed based on all survivors in the NMDP database. A logistic regression model was fitted to identify factors that predicted whether patients had consented or not consented to use of data collected by the NMDP. This analysis found the following factors were associated with the likelihood of a patient consenting: age, disease type, race, sex, cytomegalovirus serologic status and country of transplantation (US vs non-US). Using estimated consenting probabilities from this model based on the characteristics of dead patients, the biased coin method of randomization was performed to determine which of the likely deceased patients would have consented to participate had they been alive. Approximately 13% of surviving patients failed to consent and 12% of dead patients were deleted by the weighted randomized method. The above described method was tested several times and on every occasion the proportion of deleted dead patients was similar. Thus, this procedure ensures that the pre-consented dead patients are included in the sample with the same probability as the survivors who actually consented to participate in the study. 8 One hundred and one patients met the eligibility criteria and 12 deceased patients were excluded by the weighted randomized method; the current analysis includes 91 patients.
End points
The primary outcomes studied were neutrophil recovery, acute and chronic GVHD and overall mortality. Neutrophil recovery was defined as achieving an absolute neutrophil count of X0.5 Â 10 9 /l for three consecutive days and platelets X20 Â 10 9 /l for 7 days, unsupported. Incidence of grades 2-4 acute GVHD and chronic GVHD was determined in all patients. The diagnosis of acute and chronic GVHD was based on local institutional criteria, with overall grade of acute GVHD assigned retrospectively by the CIBMTR based on the stage of involvement reported for each individual organ. 9 Surviving patients were censored at last follow-up.
Statistical analysis
The probability of overall survival was calculated using the Kaplan-Meier estimator. 10 For analysis of survival rates, death from any cause was considered an event and data on patients alive at last follow-up were censored. The probabilities of neutrophil recovery, and acute and chronic GVHD were calculated using the cumulative-incidencefunction method. 10 For neutrophil and GVHD, death without an event (neutrophil recovery or GVHD) was the competing event. Data on patients without an event were censored at last follow-up. Confidence intervals were calculated using log-transformation. Cox regression models were built for analysis of risk factors for overall mortality.
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Multivariate models were built with the use of stepwise forward selection, with a P-value of 0.05 or less considered to indicate statistical significance. All variables met the proportional-hazards assumptions and there were no first order interactions. Variables considered in multi-variate model building are shown in Table 1 . P-values are twosided. Analyses were completed with the use of SAS software, version 9.1 (SAS Institute, Cary, NC, USA).
Results
Patients
Patient, disease and transplant characteristics are shown in Table 1 . Approximately half of patients undergoing HCT were younger than a year at transplantation. A third of patients reported a poor performance score (Lansky score o90) at HCT. Over half of transplantations occurred after 1999 and bone marrow was the predominant graft type used. Most (86%) received BU, CY and etoposide with or without antithymocyte globulin as transplant conditioning regimen. The majority (89%) received calcineurin-inhibitor containing GVHD prophylaxis. As transplantations spanned over a decade, donor-recipient HLA compatibility was available for all patients at HLA-A and -B by low resolution (antigen-level) typing and allele-level typing at DRB1. HLA-antigen mismatch was defined as the presence of a mismatch between donor and recipient at the antigen level for HLA-A and HLA-B and the allele-level for HLA-DRB1. Sixty five percent (59 of 91) of donor-recipient pairs had allele-level HLA typing available at HLA A, B, C and DRB1. Disease-specific characteristics were available in a subset of 51 of 91 (56%) patients. Twenty-one of 51 (41%) of patients had central nervous system (CNS) involvement at diagnosis. Definitions of disease status at time of HCT were the same as those previously published as utilized in the HLH-94 and HLH-2004 protocols. 1, 12 Neutrophil and platelet recovery Eighty-three of 91 patients achieved neutrophil recovery. The probabilities of recovery were 85% (95% CI 75-91) and 91% (95% CI 83-96) at days 28 and 42, respectively. Fifty-four of 91 achieved platelet recovery at a median of 33 days after transplantation. The probabilities of platelet recovery were 54% (95% CI 43-63) and 58% (95% CI 47-67) at day-100 and 6 months, respectively. GVHD Thirty-six of 88 evaluable patients developed grades 2-4 acute GVHD. Fifteen of 36 patients developed grade 2, 14 patients developed grade 3 and seven patients, grade 4 acute GVHD. The day-100 probability of grade 2-4 acute GVHD was 41% (95% CI 31-51). The corresponding probability of grade 3-4 acute GVHD was 24% (95% CI 16-33). Twenty of 88 evaluable patients developed chronic GVHD. The 5-year probability of chronic GVHD was 25% (95% CI 16-36). Twelve developed extensive chronic GVHD, seven limited chronic GVHD and the grade was not reported for one patient.
Overall mortality Forty-one of 91 patients are alive at a median of 5 years after transplantation with follow-up extending to 13 years. The 1-and 5-year probabilities of overall survival for the entire cohort were 52% (95% CI 41-62) and 45% (95% CI 34-55), respectively. The use of a conditioning regimen other than BU, CY and etoposide with or without antithymocyte globulin was associated with higher mortality (RR 1.95, 95% CI 1.05-3.63, P ¼ 0.035). The 5-year probability of overall survival after BU, CY and etoposide with or without anti-thymocyte globulin-containing conditioning regimen was 52% (95% CI 40-63) compared to 19% (95% CI 4-41) with other regimens (Figure 1 ). We were unable to examine whether use of anti-thymocyte globulin was associated with mortality as too few patients (12 of 73) did not receive anti-thymocyte globulin with the BU, CY and etoposide-conditioning regimen. In univariate analysis survival was not influenced by age at diagnosis, interval from diagnosis to transplantation, gender, year of HCT, Lansky performance score, GVHD prophylaxis, donor-recipient CMV status, donor-recipient HLA disparity or donor-recipient sex match. However, in the subset of patients for whom allele-level HLA typing was available, the risk of mortality was higher with mismatched transplants (RR 2.16, 95% CI 0.98-4.75, P ¼ 0.056) even though the level of significance is marginal; the 5-year probabilities of overall survival after allele-level mismatched and matched transplants were 35% (95% CI 19-52) and 66% (95% CI 45-81), respectively. Though only nine patients received umbilical cord blood grafts it is noteworthy that all achieved neutrophil recovery and six achieved platelet recovery and six of these nine patients are alive at last follow-up. All recipients of peripheral blood grafts died (n ¼ 4); recurrent disease (n ¼ 1), GVHD (n ¼ 1) and infection (n ¼ 2). Among surviving patients, donorrecipient chimerism data is available for 30 of 41 recipients; 27 patients have full donor chimerism (three recipients of umbilical cord blood and 24 bone marrow) and the remaining three patients have 83, 84 and 95% donor chimerism at 4.5, 8 and 3 years, respectively after transplantation. These patients with mixed donor-recipient chimerism have no clinical features of HLH; one received umbilical cord blood and the others, bone marrow.
In the subset of patients (n ¼ 51) for whom diseasespecific data were available, disease status at transplantation were as follows: 43 patients were in clinical systemic and CNS remission, three patients were in clinical systemic remission but had active CNS disease, four patients had active systemic disease without CNS involvement, and one patient had active systemic and CNS disease. The 5-year probability of overall survival of patients in systemic remission at time of transplantation was 49% (95% CI 33-62) (Figure 2 ). Only one of the five patients with active systemic disease at transplantation is alive. The presence of CNS disease at diagnosis was not associated with an increased risk of mortality after transplantation (RR 1.10, P ¼ 0.806). As only four patients had active CNS disease at transplantation we are unable to comment on whether persistent CNS involvement at transplantation affects mortality.
Early mortality was high with 32 deaths occurring within the first 100 days after HCT. The day-100 probability of overall mortality was 35% (95% CI 26-45). Most deaths (30 of 32) were from complications associated with transplantation. Causes include infections (n ¼ 8), interstitial pneumonitis (n ¼ 8), organ failure (n ¼ 6), hemorrhage (n ¼ 3), GVHD (n ¼ 5) and persistent disease (n ¼ 2). Veno-occlusive disease was reported in 16 patients; 11 of these patients are dead (early death) and veno-occlusive disease was a contributing cause of death in three patients with organ failure and one patient whose primary cause of death was infection. Though not reported by the transplant centers as a contributing cause of death, it is likely that veno-occlusive disease may have also been a contributing cause of death in the remaining seven patients who died from infection or interstitial pneumonitis. Eighteen deaths occurred after day-100. Causes of late mortality include infection (n ¼ 6), GVHD (n ¼ 3), recurrent or persistent disease (n ¼ 5), organ failure (n ¼ 2), interstitial pneumonitis (n ¼ 1) and hemorrhage (n ¼ 1).
Discussion
We report outcome data on the largest number of unrelated donor HCT for HLH to date with median follow-ups over 5 years, and provide information on some of the unique challenges encountered with this disease during transplantation. The current report confirms and extends the findings others have previously described, the impact of pretransplant disease status at the time of HCT (active vs quiescent) as an adverse prognostic factor for patients with HLH undergoing matched related or unrelated HCT. [13] [14] [15] Although single case reports do support the fact that HCT can be successful in some cases with active disease, 16, 17 there is clearly a need for novel improved salvage therapies for patients who fail first line treatment. Consistent with others, 15 we did not find CNS disease activity at diagnosis, Clinical remission at transplantation (N = 46, Probability=49%) Figure 2 The probability of overall survival in patients transplanted in clinical systemic remission.
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to have an impact on overall survival. Thus transplantation does appear to be effective in controlling active CNS HLH but not clinically active systemic disease. We observed 5-year overall survival rates of approximately 50% after matched or mismatched URD HCT and when limited to transplants matched at HLA A, B, C and DRB1 (allele-level typing) overall survival rates were 66% at 5-years. The overall survival rates reported in the current study are consistent with rates reported after matched sibling, mismatched related and matched or mismatched unrelated donor transplants though the number of patients undergoing unrelated donor transplantation were considerably fewer in those reports (n ¼ 35) compared to ours. 7, 15 Rates of acute and chronic GVHD observed in the current analysis are consistent with that reported by others. 18, 19 Thus far, there have been no studies comparing transplant-conditioning regimens on the outcome after transplantation for HLH. We show here that the regimen of busulfan, cyclophosphamide, etoposide with or without anti-thymocyte globulin provided superior outcomes compared to the other regimens that were utilized. This however, must be interpreted with caution as we do not have any information available to determine as to why some of the alternative regimens may have been chosen, a limitation when using an observational database. These data here suggest patient, disease and transplant characteristics of those who received busulfan, cyclophosphamide, etoposide with or without anti-thymocyte globulin are similar to those who received other regimens except, T-cell depleted bone marrow grafts were more frequent with the later regimens. Despite the apparent activity for busulfan, cyclophosphamide, etoposide with or without anti-thymocyte globulin regimen in controlling disease we found transplant-related mortality rates to be extraordinarily high at 35% with most events occurring early after transplantation (within the first 100 days). The high transplant-related mortality rate associated with transplantation for this disease has been reported by others and has been reported after standard and reduced intensityconditioning regimens. 7, 15, 16, 20 The reason for higher transplant-related mortality is unclear, but may be explained in part by factors related to the disease itself. VOD was reported in 18% of cases, a higher incidence than reported for most other diseases. At the onset of the disease, the majority of HLH patients have hepatic involvement with evidence of lymphohistiocytic infiltrates in the portal regions and endothelial cell abnormalities. 21 Whether any of these abnormalities persist and/or predispose these patients to VOD is unknown since liver biopsies are rarely undertaken in these patients as part of their evaluation prior to HCT. The other causes of TRM in these patients are not unusual after URD HCT, but may occur more frequently. Whether this is related to the underlying pro-inflammatory state associated with HLH is unknown, particularly in patients whose diseases are in a quiescent state at the time of HCT.
As transplantations occurred over a decade earlier changes in donor-selection and supportive care practices occurred even though we were not able to show a difference in mortality rate over time. This is most likely due to limited patient numbers even though this is the largest series undergoing unrelated donor transplantation to date for this disease.
The use of a reduced intensity-conditioning regimen for this disease may be a potential way to reduce the high early transplant-related mortality. The first report of a small case series utilizing this approach was published recently. 20 Twelve patients with significant pre-existing co-morbidity received a regimen of fludarabine, melphalan and alemtuzumab or antithymocyte globulin. Nine out of 12 patients (75%) were alive in complete remission at a median of 30 months. Though no patient rejected their graft or had recurrent symptoms of HLH, three of nine patients show mixed donor-recipient chimerism leading to concerns regarding the level of stable donor chimerism that can be achieved with this approach and whether mixed chimerism will ultimately result in recurrent disease. With longer follow-up, others have reported recurrence of disease warranting a second allogeneic HCT when donor chimerism levels are less than 10-20%.
14 In this report, donor chimerism was 100% in the majority of patients with extended follow-up for whom this data was available.
The majority of patients with HLH will require an alternative donor source of hematopoietic stem cells for transplantation. In this series donor-recipient HLA match as determined by allele-level typing resulted in higher overall survival rates though the level of statistical significance was marginal. Our numbers are small and may have limited our ability to detect a statistically significant difference. However, larger studies in unrelated donor transplantation clearly demonstrate the negative effect of HLA mismatch on overall survival. 22 Therefore, matching between recipient and donor using allele-level HLA typing at HLA A, B, C and DRB1 represents the current standard of care and donor selection should be determined by the results of these larger studies. 22 Further, the current standards used for donor selection may lower the high rates acute and chronic GVHD and consequently lower morbidity and mortality secondary to GVHD-related complications.
The current report while subject to the limitations of utilizing data available through a large observational database, nevertheless highlight the challenges of URD transplantation for this disease as well as a modest success in long-term survival rates for an otherwise fatal disease in patients who lack an HLA-matched sibling. The successful utilization of mismatched umbilical cord blood grafts increases access to HCT for patients who lack a matched related or matched unrelated donor. Disease status at HCT appears to be the most important disease-specific prognostic indicator and larger studies will be required to examine the impact of other disease-specific markers such as ferritin or sIL-2R levels or of specific genetic subtypes of HLH. In similar fashion, such studies should collect lineage-specific chimerism data as it will be important to determine the impact of T cell engraftment as compared to whole blood or bone marrow particularly as the use of reduced intensity conditioning regimens are increasingly considered in this disease.
